Introduction
Information on corrosivity is important for the selection of materials and protective systems for various products and objects. Most elaborated is the information on corrosivity of atmospheres in which the classification system and the methods of corrosivity derivation are standardized. In this chapter, ISO and EN standards are presented, the standards are compared and the solutions that will improve these standards are proposed. The monitoring methodology for indoor and outdoor atmospheric environments uses procedures that allow to carry out monitoring of objects (passive dosimetry, material sensors).
A comprehensive approach to the use of the information on corrosivity of atmospheres for proper selection of materials and anticorrosive measures is presented.
Data on corrosivity and trends of changes of corrosivity can be elaborated into maps of regional layout. The data can be also used for economic and noneconomic evaluation of corrosion damage.
Materials deteriorate even in normal natural conditions. Various deterioration factors are decisive for individual types of materials. Pollution has a significant influence on the degradation of materials. The degradation process is accelerated by pollution from the moment of entering the environment, not after reaching critical levels. The response of materials differs according to their composition and other characteristics. A vast majority of materials exposed to atmospheric environments are sensitive to the impact of sulfurous substances, chloride aerosols and acidity of precipitation. Corrosion rate is strongly influenced by the concentration of pollution in the air. Most processes occur in the presence of humidity or directly under layers of electrolytes. The latest knowledge of atmospheric corrosion of metals leads to the conclusion that other components of atmospheric pollution are gaining importance in today's atmospheres where the content of sulfur dioxide has decreased. Recently, nitrogen dioxides and ozone have been reported to have negative impacts on some materials. Dust particles deposited on surfaces can also significantly increase corrosion attack of metals because they can contain corrosion stimulants, retain other impurities and can be a place for increased absorption of water. The degradation of materials in general, but specifically of metals, is caused by combined pollution.
However, the category of 'corrosivity' is related to the properties of the so-called corrosion system which can be very complex. Basically, this system involves:
• metal material (materials);
• atmospheric environment (characterized by temperature-wetness complex, or time of wetness and level of atmospheric pollution); • technical parameters (construction design, shape and weight, manner of treatment, joints, etc.); • conditions of operation.
The selection of metals, alloys or metallic coatings and the resistance of products to corrosion are influenced by the designed service life and the conditions of operation as well as the corrosivity of atmosphere.
While technical parameters and conditions of operation are highly specific for individual cases, interaction between materials and the environment can be evaluated on a more general level, and the evaluation process can be standardized. The degree of stress can be evaluated or expressed in stress classes that form the classification system of the corrosivity of atmospheres.
Best elaborated are the methods of derivation of corrosivity and classification systems for metals and their protective systems. A more general but rather indirect use of the knowledge is possible if the limiting factors of individual procedures are known. Corrosion engineering uses procedures that make use of a unified classification system for metals, metallic and other inorganic coatings and paints. A more general use, e.g. for assessment of stress on construction objects, is limited.
The methods of derivation and direct determination of corrosion rates are timeconsuming and demand a lot of experiments. In principle, two approaches are available -either the initial corrosion rate is determined by direct one-year corrosion test allowing for qualified estimation of stabilized corrosion rate to follow or is www.witpress.com, ISSN 1755-8336 (on-line) calculated from the environmental data that are adequately available at present using 'deterioration equations'that are sometimes also called 'dose/response'(D/R) functions. However, the formulation of these equations is based on extensive corrosion tests carried out at a network of testing sites.
Classification of corrosivity for technical purposesbasis for standardization
Atmosphere is a corrosive environment, the impact of which affects products and objects of all kinds including objects of cultural heritage. A large portion of the damage caused by corrosion is attributed to atmospheric corrosion. Therefore, it is observed for a long term and the concerned knowledge has been generalized, which has gradually allowed for the elaboration of various international and national practical classification systems [1] for the evaluation of corrosivity of atmospheres.
In the 1990s, these efforts resulted in a series of ISO standards that define not only a corrosivity classification system but also the procedures of its derivation and guiding corrosion values for long-term exposure of metals corresponding to individual corrosivity categories. The standards for corrosivity classification were elaborated within the framework of ISO/TC 156/WG 4 Atmospheric corrosion testing and classification of corrosivity of atmosphere. The purpose was to elaborate standards that would meet the needs of corrosion engineers and users of technical products. Standards are well accepted and introduced by other technical committees (ISO/TC 107, ISO/TC 35/SC 14, CEN/TC 262, CEN/TC 240). Engineering application of the classification system is supported by the guidelines formulated in ISO 11303 Corrosion of metals and alloys -Guidelines for selection of protection methods against atmospheric corrosion.
Characterization of the standardized system
The standardized system is presented schematically in Fig. 1 engineering use. The basic assumptions required for wide applicability of the system ( Fig. 1 ) are:
• Possibility of a comparable derivation of corrosivity from annual averages of three decisive factors of the environment and from results of a one-year corrosion test.
• Possibility to associate long-term and steady-state corrosion rates with a corrosivity category derived from annual environmental or corrosion values.
• Low-cost and easy-to-use methods of measurements of pollution concentration or deposition rate.
Problems that are not fully solved:
• Standardized method for determination of one-year corrosion loss is not sensitive enough for determination of corrosion attack at C1 corrosivity category.
• The fact that the system does not provide corrosivity information for values over C5 corrosivity category does not mean that higher corrosion losses cannot be www.witpress.com, ISSN 1755-8336 (on-line) reached, but this limitation must be explained within the standard so that the applicability of the standard is better defined.
Classification based on characterization of atmosphere
Three environmental parameters are used to assess corrosivity categories: time of wetness (TOW), sulfur compounds based on sulfur dioxide (SO 2 ) and airborne salinity contamination (Cl − ). For these parameters classification categories are defined as τ (TOW), P (SO 2 ) and S (Cl − ), based on measurements of the parameters (Table 1) . TOW is estimated from temperature-humidity (T-RH) complex as time when relative humidity is greater than 80% at a T -value greater than 0 • C. TOW calculated by this method does not necessarily correspond to the actual time of exposure to wetness because wetness is influenced by many other factors. However, for classification purposes the calculation procedure is usually accurate.
Given the categories for TOW, SO 2 and Cl as defined in Table 1 , the standard provides different look-up tables for carbon steel, zinc, copper and aluminum, which allows for estimation of corrosivity categories C1-C5. Table 2 shows corrosivity categories for different metals. It needs to be stressed that the highest category (C5) has specified upper limits. Values above these limits have been detected in the field but they are outside the scope of the present standard.
Classification based on measurement of corrosion rate
The system provided by ISO 9223-9226 standards is used worldwide, although a few weak points of this system based on generalized knowledge of atmospheric corrosion of metals and results of many partial site test programs from around 1990 are known.
When a similar classification standard EN [2] was introduced later on, this fact was reflected in the differentiation of methods used to derive corrosivity from results of one-year exposure of standard specimens -same as in ISO 9223 and ISO 9226 -and to estimate corrosivity from atmospheric environmental data.
www.witpress.com, ISSN 1755-8336 (on-line) The same applies, although not so clearly, to the classification system for coatings elaborated for ISO 12944-2. The system is also based on the classification defined in Table 2 .
Adjustment of atmospheric corrosivity classification systems has been going on in ISO/TC 156/WG 4 Corrosion of metals and alloys -Atmospheric corrosion testing and atmospheric corrosivity classification during recent years mainly with the cooperation of Czech, Swedish, American, Russian, Spanish and Australian members. An important contribution to the improvement of the corrosivity classification system was systematic evaluation and adjustment, including statistical processing of the ISO CORRAG program [3, 4] . This program was carried out at more than 50 sites in 13 countries and was designed to follow the ISO classification system both in its methodology and structure. Later on, the MICAT program in Spain, Portugal and Iberoamerican countries [5] was organized in a similar manner.
Based on the activities following the Convention on Long-Range Transboundary Air Pollution in agreement with the UN ECE International Co-operative Programme on Effects on Materials Including Historic and Cultural Monuments, the influence of pollution on the corrosion rate of basic construction metals has been systematically observed for a long term, and deterioration equations that express dependence of the effect on environmental factors (RH, SO 2 , Cl − , O 3 , temperature, acidity of precipitation) have been derived for main materials. These functions, which express the dependence of the degree of deterioration on pollution and other parameters, can be transformed into service-life functions in most cases that can be used for an economic evaluation of the damage. The derivation of deterioration functions that could be widely applied will be the basic contribution to the improvement of the classification system in the future.
The classification systems presented can be fully used to evaluate environmental stress, the selection of anticorrosion measures or estimations of service life according to the provisions of individual standards. The selection of accelerated corrosion tests that verify proposals of anticorrosion measures for given environments (i.e. selection of type of tests and degree of severity of tests) in relation to the expected corrosivity of the atmosphere in the exposure conditions is not expressed directly www.witpress.com, ISSN 1755-8336 (on-line) which is justified because accelerated corrosion tests do not correlate with corrosion stress in the same manner as in the case of corrosion stress in conditions of real exposure.
Classification of low corrosivity of indoor atmospheres
Procedures prescribed in ISO 9223 provide reasonably good results in the derivation of corrosivity categories for outdoor atmospheric environments. This classification system is too rough for indoor environments of low corrosivity. More sensitive procedures have to be chosen for the derivation of corrosivity categories in less aggressive indoor environments, such as places where electronic devices, hi-tech technical products or works of art and historical objects are stored. A new system for the classification of corrosivity of indoor atmospheres has been developed and the following three documents were well accepted: The aim of newly elaborated standards is to provide a consistent method of low indoor corrosivity classification with improved procedures for determination of indoor corrosivity categories based on evaluation of corrosion attack and estimation of indoor corrosivity categories based on environmental characterization. The scheme representing the approach for low indoor corrosivity classification is presented in Fig. 2 .
The new standards are based on the results from systematic investigations of parameters affecting corrosion performed both in climate chambers and extensive field exposures in widely differing types of indoor environments [6] . Some characteristics of indoor atmospheric environments in relation to corrosion of metals are represented by the following:
• Temperature, humidity and their changes cannot be derived directly from outdoor conditions. They depend on the purpose of use of an indoor space in unconditioned atmospheric environments.
• Transfer of outdoor pollution depends on the manner and degree of shelteredness or on controlled conditions in indoor atmospheric environment (filtration, conditioning).
• Successive accumulation of particles and increasing conductivity of deposited water extracts can change corrosivity for longer indoor exposures. • Besides emissions from outside objects, release from building and construction materials, and human presence and activity can represent sources of specific polluting substances.
Various sensitive techniques for the determination of corrosion attack and different methods for monitoring and measurement of environmental parameters [6] were used during investigations. The main aspects of the new approach are as follows:
• Determination of corrosivity categories of indoor atmospheres is based on the assessment of corrosion attack on standard specimens of four metals. The choice www.witpress.com, ISSN 1755-8336 (on-line) of metals used as standard specimens has changed taking the importance of occurrence in considered environments into account (silver replaced aluminum).
• Sensitive evaluation techniques have been used for the determination of mass changes using ultra-microbalance, for the determination of the thickness of corrosion products by electrolytic cathodic reduction, or for the determination of resistance changes in thin film resistance sensors. Microbalance based on quartz crystal is used for evaluation of corrosive effects of low-corrosivity indoor atmospheres mainly in Sweden and USA. This method is expected to be involved in ISO 11844-2 standard in addition to procedures already standardized.
• It is known that SO 2 and chloride levels do not have a dominating influence on corrosion rate in present-day indoor atmospheres. Instead a multipollutant effect of various gaseous pollutants including organic acids and aldehydes and particulate matters, in combination with temperature-humidity complex, is of decisive importance.
The proposed standards for corrosivity in indoor atmospheres have a similar structure and are based on the same principles as the present standards ISO 9223-9226. However, they cover less corrosive atmospheres corresponding to corrosivity categories C1 and C2. Even if the methods for the determination of corrosivity are far more sensitive and the characterization of the environment takes specific features of low-corrosivity environments into account, the use of common reference materials (copper, zinc, carbon steel) makes the two sets of standards comparable. Table 3 gives an example of indoor classification based on the determination of corrosion rates in low-corrosivity environments for copper and silver.
Derivation of corrosivity of exposure locations, monitoring

Estimation of degree of stress caused by pollution and other environmental factors on materials, products and constructions
Preliminary assessment of stress caused by the environment on materials and objects can be done by estimating corrosivity category by finding a standardized www.witpress.com, ISSN 1755-8336 (on-line) environment in the classification system same as the environment to which an object is exposed. The estimation is based on the knowledge of main climatic characteristics and level of pollution (average values). Published data can be used in most cases. This method is in compliance with standard EN 12500 Protection of metal materials against corrosion -Corrosion likelihood in atmospheric environmentClassification, determination and estimation of corrosivity of atmospheric environment.
The estimation of corrosivity category may lead to inexact interpretations; however, it should precede active monitoring. During the estimation, a description of an environment is compared to the standard environment; therefore, not all facts defining the corrosion system are included. The concentration of sulfur dioxide (SO 2 ) is expressed as the annual average value. Extreme effects of chlorides, which are typical for marine splash or very heavy salt spray, are beyond the scope of this classification system. Standard environments are presented in the informative part of the quoted standard (see Table 4 ).
It is easier to estimate the corrosivity of outdoor environments than of indoor environments with low corrosivity owing to the easier accessibility to and completeness of environmental data and deeper as well as the more complex knowledge of the mechanism and kinetics of corrosion in outdoor atmospheric environment. Therefore, more sensitive procedures for the determination and estimation of corrosivity category for low-corrosivity indoor environment are being gradually introduced on an international scale. The table of Corrosivity categories IC1-IC5 (indoor corrosivity) shown in Table 5 basically correspond with the range of C1-C2 categories in Table 4 . Metals and metallic coatings perform specific corrosion behavior in indoor atmospheres.
It is recommended that at least orientation measurements of temperature and relative humidity for estimations of corrosivity categories of indoor environments be carried out if these values are not already being observed. Measurements should involve at least one month of each typical climatic season.
The categorization of levels of average relative humidity in accordance with ISO 11844-1 is presented in Table 6 .
Measuring pollution in indoor environments is rather difficult and is not carried out for the purpose of estimating the corrosivity category. However, the possibility of outdoor pollution penetrating into the indoor environment and formation of specific, especially organic, pollution needs to be considered. An important component of indoor environmental pollution is pollution with particles, namely particles containing ionogeneous fractions.
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Monitoring effect of pollution and other environmental factors on materials and objects
Outdoor environment has negative effects on materials and objects; they are gradually damaged or even destroyed. The effects of individual environmental components are not separate but combined, though in some cases they affect in synergy.
The most complete data on environmental effects on materials are provided by results of systematic monitoring and their evaluation aimed at estimating corrosivity.
The approach to the proposal of monitoring effects of atmospheric environment is based on the provisions of standards ISO 9223-9226 and ISO 11844, Parts 1-3. Although measurements of selected characteristics of atmospheric environment are a part of monitoring, the most important part is the determination of effects on standard material specimens, which allows for the determination of the corrosivity categories of atmospheres based on the provision of quoted standards. Corrosion effects caused in general indoor environments are significantly smaller than effects caused in outdoor environments. Therefore, procedures for the determination of corrosion effects are differentiated so that desired sensitivity is reached.
Monitoring in outdoor atmospheric environments
Various monitoring units respecting basic provisions of ISO 8565 Metals and alloys -Atmospheric corrosion testing -General requirements for field tests were designed for monitoring in outdoor environments. Examples of such units are shown on Figs 3 and 4. These were produced and used for monitoring on St. Vitus Cathedral in Prague. The first unit is very simple; the design allows for acquiring experimental results in accordance with ISO 9223 standard, which means that standard metal specimens are exposed for one year and the concentration of basic gaseous pollutions is determined using passive samplers. The deposition of NaCl has not been considered because it is not important within the central area of Prague. The design of the second monitoring unit is more complicated. Environmental effects can be observed on a wider variety of materials including natural stone; pollution deposition rate on selected surfaces is observed; and the activity of a microbial component is assessed. Datalogers observing temperature and relative humidity are placed very well too. Passive dosimetry is the most frequently used method to measure gaseous pollutions, which is most suitable when placing monitoring units in the field or on objects. Other methods or commercial devices can be used for measurement of gaseous pollution as well.
Newly proposed monitoring systems also include sensors to observe the deposition of dust fallout; the collected fallout is then analyzed for the presence of fractions stimulating corrosion. If monitoring units are installed on important, e.g. historic buildings, darkening of surfaces (so-called soiling) of selected materials is observed too.
The observation of environmental effects on various materials extends the validity of the original information. Most experience was achieved in case of exposure of material sensors on the basis of natural stone. Procedures were elaborated in UK, Germany and Czech Republic [7] [8] [9] . Plates of selected types of limestone and sandstone are exposed. Exposure methods and evaluation procedures are presented for example in ref. [10] . Weight changes and content of sulfate, nitrate and chloride ions in surface layers after exposure are evaluated, and SEM-EDS analysis of surfaces is carried out.
Certain types of glass are specifically sensitive to effects of atmospheric pollution, which provided a basis for proposals of glass monitoring sensors [11] . Use of these sensors for monitoring corrosivity of environment is included in the national standard [12] .
Derivation of corrosivity for coatings in accordance with ISO 12944-2 standard can be based on monitoring carried out on metals. Specific knowledge of protective effectiveness is then provided by tests on samples of organic coatings on steel with cuts.
Monitoring for indoor atmospheric environments
Monitoring in indoor environments is based also mainly on the determination of effects caused by the environmental impact on materials or specially designed material sensors. Special conditions of air flow and their influence on the spread of corrosivity must be considered when placing monitoring units.
No special monitoring units are usually designed for monitoring in indoor spaces of objects, especially historical ones. Small elements can be used for monitoring. They are placed on suitable horizontal surfaces.
The method of determination of quantitative corrosion changes -weight gain or loss -on standard metal specimens is very expensive and material, demanding on time and equipment, and is used as a part of monitoring in indoor environments in special cases only. The determination of corrosion attack by cathodic reduction of formed layers of corrosion products on copper or silver is also not used normally; only selected testing laboratories use this method.
Exposure of atmospheric resistance corrosion sensors and their evaluation is very easy but costs of sensors and scanning units are not low. High Sensitivity Atmospheric Corrosion Sensors -model 610 made by Rohrback Cobasco System INC. are an example of sensors used.
Considering the amount of work and costs required in most quantitative methods of determining low-corrosion effects in indoor atmospheric environments, the expected effects can be evaluated within the monitoring process by qualitative changes on surfaces of copper and silver samples. Specially prepared pieces of copper and silver or copper with silver coating are used, and changes are evaluated www.witpress.com, ISSN 1755-8336 (on-line) by appearance. Changes can be expressed in codes or degrees. First, the appearance of sample surfaces with a layer of deposits is evaluated, and then, the appearance is evaluated after deposits are removed with a fine brush. The following aspects are evaluated:
• general character of changes caused;
• character of a layer of deposits on a sample surface and thickness of the layer; • corrosion attack caused by gaseous pollutants;
• character of a sample surface after a layer of deposits is removed.
A method of semi-quantitative evaluation of corrosion changes caused on copper and silver samples was proposed and verified in the Czech Republic.All samples can be digitally scanned in the same way after exposure. The electronic form of pictures allows for evaluation using computer analysis of pictures, which provides for an objective evaluation of surface changes. Brightness cuts were made from digitized pictures of the exposed samples. These located and quantified (up to certain extent) the appearance evaluation carried out.
The principles for the selection of methods for measuring pollution in indoor atmospheric environments are presented in ISO 11844-3. Again, the method of passive dosimetry is recommended for use preferentially. The occurrence of organic components of atmospheric pollution (formaldehyde, organic acids), ammonium components and hydrogen sulfide need to be observed in areas visited by general public. The evaluation of fallout of particles and the determination of aggressive fractions of fallout complement characterization of indoor environments in relation to their corrosivity.
Using new knowledge to improve classification systems
The fundamental contribution to the adjustment of the existing corrosivity classification system is evaluation and statistical treatment of data provided by the international exposure programs ISOCORRAG and MICAT completed by specific data from tropical and cold regions.
A huge effort was made for a complex elaboration of results by working groups carrying out international testing programs aimed especially at deepening the knowledge of the effect of individual environmental factors and groups of these factors on kinetics of the corrosion process. Results are elaborated in reports and publications [13] [14] [15] .
The basic contributions are proposals of new and better-elaborated dose-response functions that are generally valid for a wide regional scale. A gradual introduction of these functions to the standardized classification system will remove or at least significantly lower the most often criticized disproportion in the derivation of corrosivity of atmospheres from results of corrosion tests and from the knowledge of environmental data.
Although the classification system will significantly improve after new deterioration functions are introduced and will be easier to use too, both methods cannot be fully equivalent for reasons of principle.
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Direct corrosion test covers the whole complex of environmental stress during one specific year of exposure, but the average stress during the expected service life of an object may differ. Using the D/R function, the average values of environmental factors valid for given time periods and regions can be substituted. However, functions involve only selected decisive environmental factors and calculated value of corrosion loss must be considered as a point determination of the value, which shows deviations that can be statistically determined.
The dose-response functions are all based on data after one year of exposure and can, therefore, only be used for classification purposes and not for assessing service lives of materials in different environments.
The dose-response functions for four standard metals are given describing the corrosion attack after one year of exposure in open air as a function of SO 2 dry deposition, chloride dry deposition, temperature and relative humidity. The functions are based on the results of large corrosion field exposures and cover climatic earth conditions and pollution situations in the scope of ISO 9223.
The dose-response functions for calculation of the yearly corrosion loss of structural metals are given below. In the above equations, r corr is the first-year corrosion rate of the metal in µm/year. For explanation of the remaining parameters see Table 7 , which also gives the measured intervals of the parameters.
Care should be taken when extrapolating the equations outside the intervals of environmental parameters for their calculation (e.g. in coastal environments).
The R 2 values are between 0.8 and 0.9, except for aluminum, where it is substantially lower. Aluminum experiences localized corrosion but corrosion attack is calculated as uniform corrosion, which might be one reason for the low value.
www.witpress.com, ISSN 1755-8336 (on-line) If these functions are to be used, the inaccuracies of the calculated value must be statistically defined in a professional manner. Models of dose-response functions do not consider two selection errors:
• selection error of regression model coefficients, i.e. selection error of the whole regression function; • residual spread of individual observations around the regression function.
Characteristics of the regression function are also influenced by reliability of measurement of the input quantities:
• Errors have been estimated for weathering steel, zinc, copper, bronze and aluminum both in case of determining corrosion attack from measurements and in case of calculating corrosion attack from ICP Materials dose-response functions.
• Measurement error is generally ±5% or lower.
• Calculation error is significantly higher than the measurement error, about ±30%, mostly due to uncertainty in the dose-response function and to a lesser extent due to uncertainty in environmental parameters, which is around ±7% on average if dry deposition prevails.
Trends in corrosivity of atmosphere within Europe
Results of global efforts to decrease industrial emissions can be evaluated by gradual decrease of corrosivity at systematically observed locations. Decrease of corrosivity has been going on since 1985 in Europe, and effectiveness of measures taken on the decrease of corrosion effects has been observed since 1990. As a part of the Task Force of UN ECE ICP Effects on materials including historic and cultural monuments the program subcenter, SVUOM (Czech Republic) evaluates development of corrosivity according to the values of annual corrosion loss of carbon steel and zinc which are regularly determined at a site network [16, 17] . These two metals are basic standard materials for the derivation of corrosivity in the classification system according to ISO 9223. Sites cover the area of Central and Western Europe sufficiently, and two sites are located in Eastern Europe (Fig. 5) . Two sites located outside Europe provide at least partial comparison in a wider regional sense.
Samples of unalloyed carbon steel and zinc were exposed during the program as standard specimens for the determination of corrosivity of test sites (according to ISO 9226). Within the framework of the program the exposures of these samples were repeated to validate decreasing trend of corrosivity due to decrease of pollution by SO 2 Tables 8 and 9 [17] . There are also included relevant corrosivity categories according to ISO 9223. Corrosion losses of both metals have decreased significantly. The decreasing trend is more evident in the case of carbon steel than of zinc. Corrosion of carbon steel is more affected by SO 2 pollution; corrosion of zinc is more affected by climatic conditions, especially by wetness of sample surfaces.
www.witpress.com, ISSN 1755-8336 (on-line) The decrease of corrosion rate is more significant for test sites reaching high levels of pollution by SO 2 in the period 1987-88. Pollution situation on test site No. 36 in Lisbon was influenced by periodical restoration works on the building where the test site is located.
The corrosion loss of carbon steel was reduced during the period 1987-2001 on 20 test sites in Europe by 56% from the average value of 250 g m −2 to 140 g m −2 (Fig. 6) . This decrease in corrosion loss has been caused by decreasing concentration of SO 2 in the air together with decreasing acidity of precipitation.
The most significant decrease of SO 2 pollution along with decrease of corrosion rates occurred towards the end of 1980s. During the last five years pollution by SO 2 has not been changing so dramatically at the majority of test sites as it did in the previous decade. Yearly corrosion loss of carbon steel in periods 1997-98
www.witpress.com, ISSN 1755-8336 (on-line) and 2000-01 has been stable, reaching similar levels at majority of test sites as in the original program. The decreasing trend of corrosion loss of carbon steel will continue in the future, but probably the rate will be slower.
Yearly corrosion loss of zinc was reduced during the period 1987-2001 at 20 test sites in Europe by 61% from the average value of 13 g m −2 to 5 g m −2 (Fig. 7) . The decrease was caused by decreasing concentration of SO 2 in the air together with decreasing acidity of precipitation.
The corrosion losses of carbon steel and zinc evaluated in 2003 confirm the trends described above.
More detailed data on development of environmental situation and decrease of corrosivity at two Czech sites involved in the quoted program are shown in Figs 8 and 9 where environmental data (especially SO 2 concentration) for all exposure periods are available.
Compared to other sites involved in UN ECE ICP program these two sites had higher levels of industrial pollution, therefore, decrease of corrosivity is significant there. The atmospheric test site Kopisty is located in a part of the so-called Black Triangle -an industrial area in Northern Bohemia. Determined values prove that measures that were taken were effective even in such extreme conditions. A significant decrease in SO 2 concentration was reported also in Germanya country with industrial regions of high corrosivity. In terms of annual values, SO 2 air concentration decreased by 88% between 1985 and 1998 ( Fig. 10) [18] . The reduction in the concentration of SO 2 in the air clearly reflects a decreasing tendency of emissions in Germany as well as Europe as a whole. The reasons for the reduction of emissions result from efforts of emission abatement and political and economic changes that started towards the end of 1980s in Eastern Germany and East European countries.
Technical use of information on corrosivity
Technical use of information on corrosivity consists mainly in rationalizing selection of anticorrosion measures. Assessing atmospheric environment with respect to atmospheric corrosivity is a premise for further economic evaluation of the corrosion damage caused.
However, should planned service life of an object or anticorrosion measure be reached, other aspects need to be considered too. Rational engineering approach to selection of materials and anticorrosion measures in relation to corrosivity of exposure environment and designed service life is determined by the provisions of newly introduced ISO 11303 Corrosion of metals and alloys -Guidelines for selection of protection methods against atmospheric corrosion.
Generally, protection against atmospheric corrosion can be achieved by selecting suitable material and design of a product with respect to protection against corrosion, by reducing corrosivity of the environment and by covering a product with appropriate protective coatings. The selection of appropriate corrosion protection method comprises several steps respecting characteristics of a product, its desired service life and other demands related to its use, corrosive environment and other factors outside the corrosion system, e.g. costs. Relations are shown in Fig. 11 .
Corrosion system encompasses both the structural metallic element and its environment -the atmosphere in contact with it. The term atmosphere includes corrosive atmospheric components (gases, aerosols, particles). Test site Kopisty 1 9 8 8 1 9 8 9 1 9 9 0 1 9 9 1 1 9 9 2 1 9 9 3 1 9 9 4 1 9 9 5 1 9 9 6 1 9 9 7 1 9 9 8 1 9 9 9 2 0 0 0 2 0 0 1 Year Designed service life is the principal factor in the process of selecting the method of protection for a structural element. The service life of a component or a product is derived in relation to its most important functional property (thickness of an element, noncorroded surfaces, color or gloss). If service life cannot be attained because of shorter life of the selected optimum protection method, it is necessary to carry out one or several maintenance cycles. 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 Years With respect to the component to be protected the main considerations are:
• design;
• structural metals.
With respect to the environment the main considerations are:
• active agent (e.g. gaseous pollutants and particles);
• conditions of action (e.g. humidity, temperature, level and changes, etc.).
Shape, size and other design factors of a structural element exert an important influence on the selection of the optimum protection method. This cannot be described in a generalized form. The influence of design must always be considered individually. Within the corrosion system, the design of a structural element determines the severity of atmospheric effects on individual surfaces, e.g. by different time of wetness, exposure categories or accumulation of corrodants.
Many factors influence corrosivity of atmosphere. ISO 9223 provides means for classifying corrosivity of atmospheres based on four standard metals (carbon steel, zinc, copper and aluminum). The controlling factors are time of wetness and deposition of chlorides and sulfur dioxide (airborne corrodants). The system of ISO 9223 standard does not differentiate conditions in indoor environments of low corrosivity sufficiently since it is not possible in the full extent of classifications of corrosive environments covered. More detailed differentiation and classification of low-corrosivity indoor atmospheres are a part of ISO 11844-1 standard.
Atmospheric environment and exposed metal, or other materials or protective coatings, form a corrosion system to which an appropriate corrosivity category can be assigned. Therefore, various materials are exposed to various stress in a given environment. Surface conditions of a basis metal, e.g. presence of corrosion products, salts and surface roughness, are of a decisive influence on corrosion attack and the durability of protection against corrosion.
The need for protective measures is based on the application of corrosivity categories. For deriving corrosivity categories the basis are either annual corrosion losses of standardized specimens of four basic structural metals or annual means of the most important environmental characteristics affecting atmospheric corrosion. Measured values are ranked into different classification categories and generalize certain ranges of environmental effects on metallic materials ( Table 10 ).
Provided that similar corrosion mechanisms apply, corrosivity categories yield useful information about corrosion behavior of metals, alloys and metallic coatings. Corrosivity categories are not applicable to stainless steels for which data have to be derived directly by taking the main factors of environment and the specific behavior of these steels into account.
Information on corrosivity categories derived from standard metal specimens can also be used for the selection of protective coatings as described in detail in ISO 12944-2 and ISO 12944-5.
The design of a structural element causes smaller or greater variation from standardized surfaces used for specification of corrosivity categories. The orientation of a surface affects corrosion loss.
www.witpress.com, ISSN 1755-8336 (on-line) In general, selection of a coating process may be limited by the design of a structural element (e.g. accessibility may limit use of a spraying process and size may limit the use of a hot dip galvanizing process).
Mapping of regional layout of corrosivity of atmospheres
Mapping of regional layout of corrosivity is one of several methods to provide complex but generalized information on corrosion stress on materials and contribute to rational use of materials and selection of measures against corrosion.
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The basis for reasonable mapping of corrosivity layout is the knowledge of deterioration processes, meaning kinetics of the process in dependence on occurrence of external factors. Every mapping more or less generalizes the data, which is contrary to the fact that real corrosivity is derived from local environmental conditions and other characteristics of an exposed object forming the 'corrosion system'.
Efforts to map regional corrosivity layout have been going on for several decades [19, 20] . Both methods of deriving corrosivity category have been used during the preparation of the basic data for mapping. Results of site tests of materials (most frequently zinc and carbon steel) were used as well as the information on levels of the main corrosive factors occurring in given regions (sulfur dioxide or NaCl in maritime areas). Both methods were combined in some maps [20] . Maps elaborated for smaller regions provide more realistic data and their results can be used better; however, maps elaborated for big regions are important within more general environmental scope.
The new stage of mapping corrosion effects started in the last decade, especially when activities fulfilling the Convention on Long-Range Transboundary Air Pollution allowed for environmental engineering to include the range of activities aimed at derivation of corrosivity and so cover expression of environmental effects on materials and objects.
The methodology for mapping corrosion effects is included in the mapping manual [21] . Approaches of individual countries to the creation and use of maps of corrosivity layout were presented at the workshop focused on this topic [22] .
Mainly places exceeding critical levels are mapped for components of environment. Mapping direct values of decisive components of pollution and corrosion rate values reached in real environments seems to be of technical importance for materials, allowing for a link-up with many provisions of technical standards in the field of protection against corrosion.
Atmospheric degradation of materials is a cumulative and an irreversible process in nonpolluted atmospheres. Therefore, critical stress and critical levels of pollution cannot be defined for materials as for other components of ecosystems. Materials are much more sensitive to deterioration caused by pollution and degradation is accelerated by even minimal occurrence of some pollution components.
Based on the results of a long-term testing program, UN ECE ICP Effects on Materials Including Historic and Cultural Monuments, a concept of acceptable levels of pollution was elaborated.Acceptable level of pollution is defined as concentration or deposition of a pollution component which does not cause unacceptable acceleration of corrosion or degradation. Acceptable corrosion rate or degradation can be defined as deterioration which is technically and economically tolerable. In practice it is expressed as an average corrosion rate multiple in areas reaching 'background' (i.e. minimal) pollution levels (Table 11 ).
Acceptable corrosion rates K a are defined as multiples of corrosion rate at background pollution levels K b :
where values of n are 1.5, 2.0 and 2.5. National conditions of actual pollution levels and real possibility for its reduction are considered when selecting n values.
www.witpress.com, ISSN 1755-8336 (on-line) Elaboration of maps based on direct corrosion tests is organizationally and economically demanding and can be used rather on small regional scales.
Therefore, the main focus nowadays is on using information on levels of important components of atmospheric environments available and transforming these data into values of expected corrosion effects using deterioration equations (doseresponse functions) derived from tests at extensive testing site networks. This approach allows for the use of environmental information processed in a comparable manner on an international scale and further processing of these data using GIS technologies.
Use of available information provides elaboration of maps on several levels, which then differentiates the manner of their use. Final maps of occurrence of acceptable corrosion rates and degrees of exceeding these rates are of a fundamental importance to various forms of environmental and economic decisions. Maps of occurrence of decisive factors and calculated corrosion rates allow for estimation or derivation of corrosivity categories and so for appropriate selection of measures against corrosion and estimations of service life. An example for mapping of zinc corrosion rates in the Czech Republic for 2001 is presented in Fig. 12 [23] . Although the information presented by mapping is very valuable [24] , it need not be overvalued. Each atmospheric environment has specific local characteristics; therefore, information not provided by maps needs to be used in some cases.
Use of information on regional layout of corrosivity of atmospheres for economic evaluation of damages within an observed area requires the determination of types and quantity of exposed materials [25, 26] .
Conclusion
Various classification systems have been elaborated during the past decades considering the great importance of data on corrosivity of atmospheres and the opportunity of wide technical use of the data. Newly introduced are a proposal of more sensitive complementing procedures of derivation for the classification system of www.witpress.com, ISSN 1755-8336 (on-line) low-corrosivity indoor atmospheres and use of deterioration equations for derivation of corrosivity from environmental data. Attention is being paid to assessing probability of occurrence of corrosion in soil and water systems on European scale. New EN standards [27, 28] are rather guidelines for the decision-making system for the evaluation of corrosion occurrence probability in these environments. EN standards for evaluation of corrosion likelihood in the soil of buried metallic structures define the general concepts or the assessment methods and list the main factors influencing the corrosion of buried structures. For new and existing structures from low alloyed and nonalloyed ferrous materials more detailed criteria for soil, backfill materials, environment and structure are given.
